Abstract Liquefaction features and the geologic environment in which they formed were carefully studied at two sites near Lincoln in southwest Christchurch. We undertook geomorphic mapping, excavated trenches, and obtained hand cores in areas with surficial evidence for liquefaction and areas where no surficial evidence for liquefaction was present at two sites (Hardwick and Marchand). The liquefaction features identified include (1) sand blows (singular and aligned along linear fissures), (2) blisters or injections of subhorizontal dikes into the topsoil, (3) dikes related to the blows and blisters, and (4) a collapse structure. The spatial distribution of these surface liquefaction features correlates strongly with the ridges of scroll bars in meander settings. In addition, we discovered paleoliquefaction features, including several dikes and a sand blow, in excavations at the sites of modern liquefaction. The paleoliquefaction event at the Hardwick site is dated at A.D. 908-1336 , and the one at the Marchand site is dated at A.D. 1017-1840 (95% confidence intervals of probability density functions obtained by Bayesian analysis). If both events are the same, given proximity of the sites, the time of the event is A.D. 1019-1337. If they are not, the one at the Marchand site could have been much younger. Taking into account a preliminary liquefaction-triggering threshold of equivalent peak ground acceleration for an M w 7.5 event (PGA 7:5 ) of 0:07g, existing magnitude-bounded relations for paleoliquefaction, and the timing of the paleoearthquakes and the potential PGA 7:5 estimated for regional faults, we propose that the Porters Pass fault, Alpine fault, or the subduction zone faults are the most likely sources that could have triggered liquefaction at the study sites. There are other nearby regional faults that may have been the source, but there is no paleoseismic data with which to make the temporal link.
Introduction
In the South Island of New Zealand, a sequence of earthquakes during 2010-2011, starting with the 4 September 2010 M w 7.1 Darfield earthquake and including the most damaging 22 February 2011 M w 6.2 Christchurch earthquake ( Fig. 1 ; Bannister and Gledhill, 2012; Kaiser et al., 2012) , produced extensive liquefaction in Christchurch City and the surrounding area (Cubrinovski and Green, 2010; Cubrinovski et al., 2011; Ward et al., 2011; Brackley, 2012; Kaiser et al., 2012; Reid et al., 2012; Bastin et al., 2013 Bastin et al., , 2015 Quigley et al., 2013; Townsend et al., 2016) . Prior to 2010, moderate historical earthquakes had induced liquefaction in the Canterbury region (e.g., the 1901 M w 6.8 Cheviot earthquake; Berrill et al., 1994) , and liquefaction susceptibility maps of Christchurch have been available for decades (e.g., Elder et al., 1991 , and others; for details, see Brackley, 2012) . However, the extent of liquefaction (1600 km 2 for the Darfield event; Townsend et al., 2016) and consequent financial loss (~$US15 billion; Berryman, 2012) were unprecedented in New Zealand's historical records.
Extensive liquefaction during the 2010-2011 earthquake sequence provides a unique opportunity to study many aspects of liquefaction. For example, aerial photography and light detection and ranging (lidar) surveys acquired immediately after the two largest events in the sequence, the Darfield and Christchurch earthquakes, were used to produce regional-scale maps that precisely record the locations, types, and extent of surficial liquefaction features in association with each event (Townsend et al., 2016) . Also, observations of recurrent liquefaction during the sequence, following both the larger earthquakes and other moderate events have been considered, in combination with measurements of ground motion by a dense seismograph network, to assess the threshold of shaking required to induce liquefaction at a site of highly susceptible sediment . Groundwater characteristics recorded during the events were successfully used to assess the influence of the liquefaction process on changes in artesian pressure in confined aquifers (Cox et al., 2012) .
Paleoseismological trenching studies have contributed to an understanding of the occurrence and preservation of liquefaction features in the geologic record (Almond et al., 2012; Bastin et al., 2013 Bastin et al., , 2015 Bastin et al., , 2016 Quigley et al., 2013; Villamor et al., 2014) . A few pre-2010 liquefaction features have been found in excavations of 2010-2011 sand blows in Christchurch City. Some of the pre-2010 features tentatively have been attributed to a local historic earthquake in 1869 or, alternatively, to either the 1717 Alpine or Porters Pass earthquakes .
This article considers liquefaction from the Canterbury earthquake sequence close to Lincoln township, 16 km to the southwest of Christchurch City. The study area lies on a late Holocene, low-lying floodplain-delta complex formed by old distributary channels of the Waimakairiri River, which now flows to the Pacific Ocean north of Christchurch (Fig. 1) . The water table in the area is shallow, varying from 1.5 to 2 m below the surface during the dry season. We have chosen two study sites southwest of Lincoln for the following reasons. earthquakes, and minor liquefaction occurred during the 13 June 2011 earthquake (hereafter also referred to as September 2010 , and June 2011 . The level of shaking experienced was different for each event in the area (note that peak ground accelerations [PGAs] used here were recorded at LINC seismic station, which is located ∼3 km away from the sites and sits on similar soil type): (a) the epicenter of the September 2010 M w 7.1 earthquake was 29 km away (closest distance to the Greendale fault is ∼15 km) and produced PGA of 0:42g in Lincoln (magnitude-weighted PGA 7:5 of 0:38g; Table 1 ; epicentral distance to LINC station is 27 km); (b) the epicenter of the February 2011 M w 6.2 earthquake was 17 km away from the study sites and generated 0:12g PGA in Lincoln (PGA 7:5 of 0:07g; Table 1 ; epicentral distance to LINC station is 18 km); and (c) the epicenter of the 13 June 2011 M w 6.0 earthquake was 22 km away and generated PGA of 0:06g at Lincoln (PGA 7:5 of 0:04g; Table 1 ; epicentral distance to LINC station is 23 km). 2. The study sites are located at similar distances from both major earthquake sources (i.e., from Greendale fault, source for the 4 September 2010 earthquake; and from the 22 February 2011 earthquake), and thus can provide insights into feature type and size for distal sites of liquefaction as well as the relationship between distance of surface expression of liquefaction and earthquake magnitude. 3. The study sites are on farmland with few buildings and therefore favorable both for conducting ground investigations and using aerial photography and lidar for mapping surface features. 4. The study sites were visited during the postearthquake reconnaissance allowing preliminary field data to be gathered immediately after the liquefaction events. This information was supplemented by excellent photographic and observational records by the landowner of the Hardwick site.
Our study has reviewed pre-2010 aerial photography and aerial photography and lidar-derived digital elevation models (DEMs) taken after the events; produced detailed local geomorphic maps; excavated and logged shallow (∼1-1:5 m) trenches; and analyzed handcored sediments to a depth of 5 m. This detailed data collection has allowed us to document the characteristics of the 2010-2011 earthquake-induced liquefaction features in the Lincoln area, to recognize paleoliquefaction features, and to compare paleoliquefaction features with modern features at the same sites. We further present preliminary inferences about the sediment layers that liquefied during the earthquake sequence and on potential correlations between the geomorphic elements of the fluvial sedimentary environments and the distribution of the 2010-2011 liquefaction features. We also estimate the age of paleoliquefaction features discovered at the two study sites near Lincoln and discuss possible earthquake sources of the paleoearthquake(s) that caused paleoliquefaction. The data allow us to make recommenda- Recorded peak ground acceleration (PGA) is the geometric mean of the two horizontal components at LINC seismic station (3 km away from the study site). § PGA 7:5 is either the conversion of recorded PGA (for 4 September, 11 February, and 13 June events) to magnitude weighted PGA (Youd et al., 2001) or the estimated PGA 7:5 value from rupture of fault sources using two ground-motion prediction equations ( tions regarding future paleoliquefaction studies in the Christchurch area. With this study of liquefaction sites in the Canterbury area and future studies in other low seismicity areas, we aim to improve understanding of earthquake potential and reduce uncertainties in the seismic-hazard model of New Zealand. The newly gained data and understanding can be used to calibrate current earthquake-hazard models of the area, including the assessment of recurrence of nearby medium-size "floating earthquakes" (sourced from blind faults or otherwise unmapped faults not represented in the active fault maps). Also, the new information will assist in the production of appropriate probabilistic liquefaction maps through calibration against the prehistoric record.
Quaternary Geology Sedimentary Context
The Canterbury Plains are underlain by Quaternary fluvioglacial outwash and marine sediments. Eustatic sealevel changes in association with glacial-interglacial cycles have led to a complex interfingering of terrestrial and marine deposits (Brown et al., 1988; Field et al., 1989; Brown and Weeber, 1992; Browne and Naish, 2003) . Most of the sediment at and near the coast is fine grained (sand, silt, clay, and peat) and water saturated (high water table). As a consequence, most sediment is characterized by high-to-moderate liquefaction susceptibility (Elder et al., 1991) .
Our field area contains sedimentary deposits of the Springston Formation (Brown and Weeber, 1992) that are associated with the evolution of the Waimakariri River. Postglacial surfaces are found near the lower Waimakariri River in the form of several very young river terraces and abandoned river channels. Some currently abandoned channels can be traced through the wider area of Christchurch and were probably active within the last 500 years (Forsyth et al., 2008) . Older channels suggest that, during their formation, the Waimakariri River (or a branch of it) flowed to the south of Banks Peninsula, reaching the sea in the region of the shores of the present Lake Ellesmere (Fig. 1 ). At present, the Halswell River is a much lower discharge river than the Waimakariri and flows in one of these relict channels, previously occupied by the Waimakariri River (Forsyth et al., 2008) .
Tectonic Context
The current tectonic environment of the Canterbury Plains is characterized by reverse (anticlinal growth and blind, or partially buried, thrusts and backthrusts) and strike-slip faults in a compressional zone east of the plate-boundary fault, the Alpine fault (Forsyth et al., 2008; Campbell et al., 2012; Fig. 1) . The Pacific and Australian plates are converging obliquely at ∼35-40 mm=year , with up to 80% of the total rate being accommodated by the strike-slip/reverse Alpine fault (e.g., Beavan et al., 2007; Sutherland et al., 2007; Wallace et al., 2007) and, farther north, by the Marlborough strike-slip fault system (Hope, Clarence, Awatere, and Wairau faults; Langridge et al. 2003; Fig. 1b) . The Canterbury Plains experience moderate strain rates (∼2 mm=yr; Wallace et al., 2007) and low levels of seismicity. Tectonic contraction in the region is accommodated by a series of blocks rooted in an ∼12-km-deep decollement (Campbell et al., 2012, and references therein) . Each block contains northeast-striking reverse faults with a frontal thrust (e.g., Springbank and Hororata faults) and internal synthetic and antithetic thrusts. Strike-slip faults with an east-west trend (e.g., Ashley and Greendale faults) represent transfer zones linking thrust zones (Campbell et al., 2012) . All these active faults respond to a uniform regional stress field with maximum horizontal compressive stress oriented 115° 5° (Sibson et al., 2011) . Although the presence of faults in the plains is well known, not all active faults in the plains have surface expression and thus have not been mapped. This was demonstrated by the 2010 Darfield earthquake, which occurred along a previously unknown active fault, the Greendale fault Fig. 1) . However, prior to 2010, it was known that unmapped faults have to be present in the plains to accommodate the ∼2 mm=yr fraction of the total deformation across the plate boundary that could not be assigned to known faults (Stirling et al., 2012) . Because of the poor or subtle surface expression of most of the Canterbury Plains' faults (Forsyth et al., 2008) , little is known on the timing of fault events in the area. Paleoearthquake histories are only known for a few faults such as the Porters Pass fault (Howard et al., 2005) , Ashley fault (Sisson et al., 2001) , and Greendale fault (Hornblow et al., 2014) .
The Canterbury earthquake sequence ( Fig. 1 ) started with the M w 7.1 Darfield earthquake on 4 September 2010 (Bannister and Gledhill, 2012) . A series of aftershocks followed until 22 February 2011, when the most devastating M w 6.2 Christchurch earthquake occurred (Kaiser et al., 2012) , resulting in 185 fatalities and substantial financial losses. More aftershocks followed, with a significant one (M w 6.0) on 13 June. During December 2011, seismicity shifted offshore and included two events with M w 5.8 and M w 5.9. Strong ground motions recorded during the 22 February event relate to proximity to fault rupture and fault directivity of seismic energy toward the city (Holden, 2011) .
Liquefaction in the Canterbury Plains
Five damaging historic earthquakes occurred within ∼150 km of Christchurch between 1869 and 1922 (Downes and Yetton, 2012) ; however, no liquefaction was reported in Christchurch following any of these events. Liquefaction was reported in the residential areas of Kaiapoi and Belfast, north of Christchurch following the 1901 M w 6.8 Cheviot earthquake (Berrill et al., 1994) . Modified Mercalli intensity 7 shaking and infrastructure damage (including collapse of the Christchurch cathedral spire) was reported in the 1869 ∼ M w 4.8 Christchurch earthquake (Downes and Yetton, 2012) . Following this earthquake, it was observed by a local resident that "the tide runs higher up the Heathcote River than formerly" (Heathcote River is located within Christchurch City), suggesting that set-tlement potentially induced by liquefaction may have occurred (Downes and Yetton, 2012) . The 1870 M w ∼ 5:7 Lake Ellesmere, 1888 M w ∼ 7:2 Hope fault, 1901 M w ∼ 6:8 Cheviot, and 1922 M w ∼ 6:4 Motunau, North Canterbury, earthquakes all caused strong shaking and infrastructure damage in Christchurch and other areas of Canterbury (Downes and Yetton, 2012) , but no liquefaction was reported for our study site.
Liquefaction induced by the 4 September 2010 Darfield and the 22 February 2011 Christchurch earthquakes and other aftershocks produced sand volcanoes or blows and related ground failures, including fissures, lateral spreading, and subsidence and uplift. Sand blows ranged in size from tens of centimeters to meters, and concentrations of sand blows occurred over large areas up to ∼1 km 2 , with a variety of expressions of liquefaction occurring over a wider area of 40 × 20 km 2 (Cubrinovski and Green, 2010; Cubrinovski et al., 2011; Ward et al., 2011; Almond et al., 2012; Kaiser et al., 2012; Reid et al., 2012; Quigley et al., 2013; Bastin et al., 2015; Townsend et al., 2016) . As many as 10 distinct liquefaction episodes were reported for a site in Avonside in eastern Christchurch that is underlain by very liquefiable sediment . As demonstrated by liquefaction-related lateral spreading and subsidence (up to 1.5 m of horizontal and 0.5 m vertical displacement recorded in eastern Christchurch; Bastin et al., 2015) and increased flooding and marine inundation in parts of eastern Christchurch (Hughes et al., 2015) , earthquakeinduced liquefaction poses a significant hazard with long-term economic and societal implications.
Methods
The Hardwick and Marchand sites near Lincoln were selected for detailed field investigations. To document liquefaction at our study sites, we first interviewed witnesses about their observations during the 2010-2011 events. Those observations provided firsthand accounts of the formation of sand blows, blisters (raised mounds by liquefied sand injected within the very near surface), and fissures and were used to select sites for further investigation. The landowners at the Hardwick site photographed and measured many of the surface features of liquefaction on their property.
Second, we produced a detailed geomorphic map and updated the existing map of the occurrence of sand blows and other surface effects of liquefaction (Townsend et al., 2016) for selected areas at both sites (Fig. 2) . The mapping used pre-2010 and modern aerial photos; analyzed DEMs derived from lidar surveys acquired after each of the Christchurch earthquakes; and consulted unpublished geomorphic maps (David Barrell, personal comm., 2013) (for more information see Ⓔ Figs. S1 and S2, available in the electronic supplement to this article).
Third, we excavated 11 paleoseismic trenches at selected locations, 7 at the Hardwick site (trenches HWK 1, 2, 3, 4a, 4, 5, and 6; see full trench logs and unit descriptions in Ⓔ Figs. S3-S10 and Ⓔ Tables S1-S7), and 4 at the Marchand site (trenches MAR 1, 2, 3, and 4; see full trench logs and unit descriptions in Ⓔ Figs. S11-S14 and Ⓔ Tables S8-S10).
Nine trenches were excavated across the 2010-2011 liquefaction features to document their subsurface geometry and the properties of sediments hosting the liquefaction features. Two trenches were excavated in an area with no surface effects of liquefaction, primarily to assess whether the sedimentary units are different from the sites where sand blows formed at the surface (those trenches were not logged in detail, but relevant information on sediments was collected). The trenches were excavated down to the water table (∼1:2-1:5 m deep). The walls and floors of 9 of the 11 trenches were smoothed and cleaned, and a square grid with a spacing of 1 m was placed along the walls and on parts of the floor. In areas that required more detailed study, a 0.5 m grid was used. After gridding, the walls and parts of the floors were photographed and logged, and figures of the stratigraphic units and the liquefaction features were produced, including a description of the sediments and locations of organic samples collected for radiocarbon dating. Liquefaction feature characteristics such as size and azimuth of lineations were recorded (Ⓔ Tables S11 and S12 and Ⓔ Figs. S16 and S17).
To complement the information on the sedimentary sequence from the trenches and to obtain information on the liquefaction source layer, we extracted ∼18 m of intact core (in sections of 0.7-1 m length) with a 5-cm-diameter round-rod piston corer, fitted with a core catcher that can retrieve watersaturated sands. The cores were obtained from the bottom of several trenches. We visually inspected each core for liquefaction features and described the sedimentary units (Ⓔ Figs. S18-S21).
Organic matter samples were collected and dated at the Rafter Radiocarbon Laboratory, GNS Science. Radiocarbon ages were calibrated (Ⓔ Table S13 ) and stratigraphic sequences were analyzed with the Bayesian analysis tools of OxCal v.4.2.4 (Bronk Ramsey, 2009), using the southern hemisphere calibration curve SHCal13 (Hogg et al., 2013; Ⓔ Figs. S22-S24) . Uncertainties at 2σ are given throughout this report, and calibrated ages are provided in A.D./B.C. format. Particle-size analysis was undertaken with a Micrometrics Saturn DigiSizer II 5205 at the University of Canterbury.
Geomorphic Map
The study sites are on a late-Holocene low-lying (< 10 m above mean sea level) floodplain-delta complex about 6-8 km north of Lake Ellesmere. The floodplain-delta complex was formed by old distributary channels of the Waimakariri River, which now flows to the sea north of Christchurch. The Halswell River currently follows one of the ancient Waimakariri channels ( Figs. 1 and 2) .
The DEMs reveal subtle topography and define the different geomorphic elements of the landscape (Fig. 2 and Ⓔ Figs. S1 and S2). The low topographic features (dark blue to light green colors) comprise flood basin and interchannel surfaces of relatively flat alluvial surfaces in the Waimakariri/ Halswell basin, channels associated with the most recent course of the Waimakariri River, an earlier generation of paleochannels inferred to be relict meanders of the Waimakariri River, and swales of point bars associated with relict meanders.
Liquefaction Features by Canterbury Earthquake Sequence and Assessment of Paleoliquefaction Features
The highest topographic features (yellow to red colors in Fig. 2b and Ⓔ Fig. S2 ) represent raised crevasse splays (also known as floodplain splays) and channels or levees. The raised channels of the Halswell River and its levee system are at a distinctly higher topographic level than the surrounding floodplain. This indicates that the Halswell River must have gone through a depositional phase at this location to build such prominent levee architecture. The crevasse splays may be associated with either the current Halswell River or the Waimakariri River, given that some of them are eroded by the relict meander channels and some are filling those channels.
The two sites selected for detailed study, the Hardwick and the Marchand sites ( Figs. 1 and 2 ), exemplify slightly different types of geomorphic settings, as described as described in The Hardwick Site and The Marchand Site sections.
The Hardwick Site Geomorphology
The Hardwick site occurs on a relict meander (Figs. 2  and 3 ). The lidar imagery clearly illustrates a leftward bend set within a floodplain, identified by light green colors in Figures 2 and 3 . The downstream, southern part of the now abandoned and infilled meander is at a lower elevation (blue color) than the floodplain, as would be expected, but the upstream part stands above the floodplain (yellow-orange colors). This elevated area corresponds to a levee-crevasse splay system of a later paleochannel or perhaps the Halswell River.
Surface Expression of the 2010-2011 Liquefaction
At the Hardwick site, the 2010-2011 sand blows appear to be spatially associated with levee and crevasse splay deposits that overtopped the river channel (Figs. 2 and 3) . The lower part of the old alluvial plain outside the channel (blue and dark green colors, Fig. 3 ) was subject to only minor liquefaction. In addition, some sand blows formed on the inner side of the abandoned meander at its southernmost section (south of the Hardwick's site; Fig. 2b ).
The liquefaction features located above or spatially associated with the crevasse splay consisted mainly of sand blows that are aligned and coalesce along fissures to form sand ridges. Individual sand blows were up to 40 cm high and 5 m wide. Aligned and coalesced sand blows formed sand fissures up to 10 m long (Figs. 3 and 4) . Some of the sand fissures overlapped, creating composite sand fissures up to 30 m long (Ⓔ Fig. S2 ). Most of the fissures and composite fissures formed lineaments that were 100+ m long. Many of the fissures were aligned subparallel to the shape of the outer edge of the abandoned meander. Other fissures also seem to be associated with elevated areas within the crevasse splay. Liquefaction did not occur in areas of lower elevation within the crevasse splay. In some locations, sand of different colors and grain sizes vented to the surface (Fig. 4) suggesting different source layers. Other sand blows that were not aligned but were associated with ground deformation (location 4b in Fig. 3 ) occurred at the edge of the crevasse splay and/or immediately adjacent to, but not within, the crevasse splay. At these locations, we identified blisters, which are liquefaction features resulting from intrusion of sand beneath near-surface soil horizons, raising the ground surface to form mounds up to 20 cm high and 2.5 m in diameter. Although most of the injected sand beneath the blisters did not reach the surface, a small proportion did so through ruptures at points of strong surface inflection.
2010-2011 Liquefaction and Paleoliquefaction Features Exposed in the Hardwick Trenches
In the Hardwick trenches, we observed several types of liquefaction features in the vertical section that were associated with the 2010-2011 events. These included sand blows, dikes, and blisters. We also identified paleoliquefaction features, including an eroded sand blow and several dikes. In this section, we present exemplars of the liquefaction features revealed in the trenches in the context of the stratigraphy and geomorphology. Ⓔ Full trench and core logs are available in the electronic supplement (Figs. S3-S10, S18, and S19; Tables S1-S7).
Location of Trenches. Seven trenches were excavated at the Hardwick site (Fig. 3) . Trenches HWK 1, 3, and 6 were excavated across liquefaction features that formed during the 2010-2011 earthquakes and are located on higher topography within the crevasse splay of the Waimakariri-Halswell floodplain in the area where the crevasse splay clearly overlays the infilled meander channel. Trench HWK 5 is located in a similar setting but closer to the edge of the crevasse splay and potentially above the older meander channel. All these trenches were excavated across fissures with aligned sand blows. Trench HWK 4b was excavated beyond or at the very northern edge of the crevasse splay in an area of low topography, where liquefaction caused ground deformation in the form of subcircular mounds with small amounts of sand escaping to the surface (blisters; see detailed description in the MAR 4 trench section).
Trenches HWK 2 and 4a were excavated in areas that had no surface expression of liquefaction. Trench HWK 2 corresponded with a low topographic point within the central part of the abandoned channel overlain by the crevasse splay among trenches HWK 1, 3, and 6. Trench HWK 4a was located on the lower topographic levels of the Waimakariri-Halswell floodplain away from the old meander channel. The trench was intended to allow contrasts in sedimentology between areas of presence and absence of surface expression of liquefaction to be identified. Unfortunately, a shallow perched water table caused the trench walls to collapse, so it could not be analyzed in detail. However, some samples for radiocarbon dating and particle-size analysis were collected prior to collapse.
Core Samples. To further understand the sedimentary characteristics of this site, including potential identification of the source layers of liquefied sand, we extracted (1) 4 m of core below the HWK 6 trench at vertical meter mark 7 along the trench and starting from the trench floor (from 1.4 to 5 m depth below ground surface) (core HWK 6-1; see core log in HWK 6 trench log in Ⓔ Figs. S9 and S10 and core description in Ⓔ Fig. S19 ) and (2) 2 m of core from below the HWK 5 trench at vertical meter mark 3 (core HWK 5-1; see core log in HWK 5 trench log in Ⓔ Fig. S8 and core description in Ⓔ Fig. S18 ).
Sedimentary Units at Hardwick Site. We grouped the sedimentary units of the trenches at Hardwick into three macrounits (e.g., see trench HWK 6 and core HWK 6-1 in Figs. 5 and 6 and Ⓔ Figs. S9, S10, and S19). This grouping is based mainly on textural similarities, and incorporates soil stratigraphy. It aims to associate macrounits with sedimentary environments (although this association has not been possible for all macrounits within the scope of this study). Detailed descriptions for individual layers within the macrounits are available in Ⓔ Tables S1-S7. Macrounit 1, the uppermost unit, is characterized by alternating loamy silt and very fine sand layers and also the organic-rich topsoil. The unit varies from yellowish brown to gray and includes common redox segregations. Soil stratigraphic features, including truncated root pseudomorphs (redox features) and relict surface-horizon soil structure, indicate that this is a composite depositional unit.
Macrounit 2 underlies macrounit 1 and is characterized by a gray, silty upper part with common redox segregations, which grade downward into very fine to fine sand. The upper 20-30 cm, where intact, may be organic rich and includes peat layers and root remains. The underlying fine sand is moderately sorted, and grains are subrounded.
Macrounit 3 is distinctly different from the upper units. It consists mainly of medium sand, a coarser texture than that found in macrounits 1 and 2. Macrounit 3 is massive, and grains are very well sorted and rounded. Overall the unit has a gray color in its upper part, grading downward to olive gray at the base. This macrounit is exposed only in the HWK 6 deepest core sections (below the floor of the HWK 6 trench).
Along a transect between trenches HWK 3-HWK 6 and trench HWK 4b (Fig. 3) , the correlation of changes in the thickness of macrounit 1 with the changes in topography was used to infer that macrounit 1 represents the deposits of the crevasse splay lobe. A thinning of macrounit 1 (from 1.2 to 0.8 m) to the north was obvious in the walls of trench HWK 6 (see Ⓔ Figs. S9 and S10). The surface elevation also decreased as the crevasse splay lobe terminates against a stream channel. The contact between macrounits 1 (crevasse splay) and 2 (channel fill; see below) is erosional, although remnants of an organic-rich horizon (a paleosol) in the top of macrounit 2 are preserved (e.g., Fig. 6a-d ). Detrital organics occur as lenses above the contact (e.g., Fig. 6d) ; and, in the southern end of trench HWK 6, a subfossil tree was exposed in the base of macrounit 1 (Ⓔ Fig. S9 ). The top of macrounit 2 is a gray silt with common, coarse, orange-brown, spherical mottles. One sample from within 30 cm of the top of macrounit 2 yielded the conventional radiocarbon age (calibrated ages can be found in Ⓔ Table S13) Fig. S10 ). Above the unconformity (at the base of macrounit 1), detrital organics (undifferentiated plant material extracted from the sediment) yielded ages of 668 18 yr B.P., 641 20 yr B.P., and 641 19 yr B.P. (samples HWK T6-C7, HWK T6-C10, and HWK T6-C14, respectively; Ⓔ Fig. S9 ). The contact between macrounits 2 and 3 was identified in core samples at ∼4:7 m depth but had no age constraints; the base of macrounit 3 extends beyond 5.1 m depth (Ⓔ Fig. S10 ).
At trench HWK 2, on the margin between the abandoned meander and another lobe of the crevasse splay to the north, The two types of sand are well sorted and stratigraphically separate in profile, suggesting that there is little to no incorporation of sediment from layers through which the slurry of water and entrained sediment flowed on its way to the surface. Therefore, the sand composing the two layers of the sand blow was derived from different source layers. (Photos courtesy of Caroline Hardwick). macrounit 1 had thickened again to 1.53 m (Ⓔ Table S2 ). The top of macrounit 2 (exposed at 1.53-1.85 m depth) was a distinct, intensely reduced blue-gray, massive silt with no visible organics. Farther north, at trench HWK 1 (located in the center of the crevasse splay lobe), the stratigraphy was similar to trenches HWK 3 and HWK 6. At trench HWK 5, the contact between macrounits 1 and 2 appeared to be nonerosive (at ∼1.5 m depth). A peat was preserved below the contact at 1.6 m depth. A radiocarbon sample from the top of the peat yielded 628 18 yr B.P. (sample HWK 5-C1; Fig. 7 and Ⓔ Fig. S8 ), similar to the detrital organics in macrounit 1 at trench HWK 6. Coring to 3.7 m depth failed to reach the base of macrounit 2. The most northerly trench (trench HWK 4b; Ⓔ Fig. S6 ), situated beyond the northern limit of the crevasse splay lobe, exposed only macrounit 2.
In summary, macrounit 1 contributes to the higher topography associated with the crevasse splay deposits. Deposition was preceded by erosion, ripping up material from underlying deposits, and burying and killing trees. Macrounit 2 is associated with a pre-existing channel fill-floodplain sediment association. Deposition of macrounit 2 had ceased around 3000 yr B.P., and soils were developing in it until the deposition of macrounit 1 at ∼650 yr B.P. The coarser sands of macrounit 3 suggest a higher-energy fluvial environment, but the geomorphic context is now obscured by the overlying materials. Further work on grain size, sedimentary fabric, and dating is currently being undertaken to better interpret this unit.
Representative Liquefaction Features from Three Trenches. We present here exemplars of liquefaction and paleoliquefaction features observed in some sections of the trenches at the Hardwick site.
HWK 6 Trench. Trench HWK 6 was 34 m long and 1.5-1.8 m deep (Figs. 5 and 6; for full trench logs see Ⓔ Figs. S9 and S10). Both trench walls, HWK 6E and HWK 6W, were logged in detail between vertical lines 1 and 23. Some areas with liquefaction features were mapped at 1:10 scale, and other areas were mapped at 1:20 scale. Gradual collapse of the walls between vertical lines 23 and 32 precluded detailed logging, and only the contacts of major units were mapped at 2-m-spacing vertical lines.
The 2010-2011 liquefaction features exposed in this trench were sand blows and dikes (Figs. 5 and 6). The trench was excavated at right angles to the sand fissures to expose the true cross-section dimensions and shape of individual sand blows and dikes. The spacing between sand blows ranged between 4 and 14 m along the trench. At the surface, the sand blows exposed in this trench have widths between 0.5 and 2 m and heights between 5 and 10 cm (for data on sand-blow sizes, see also Ⓔ Table S11 and Ⓔ Fig. S15 ). These values are slightly modified from the original dimensions by erosion due to rainfall, wind, and trampling by cattle. However, no plowing occurred after the formation of the sand blows and, as a consequence, the measurements are closely representative of the original sizes. Each sand blow was associated with dikes with average widths, typically ranging between 3 and 20 mm (maximum of 100 mm; for data on dike widths and sand blow sizes, see also Ⓔ Table S11 and Ⓔ Fig. S15 ). The dikes could be followed from the trench floor to the ground surface. The root of the dikes was not observed in the trench.
Figures 5 and 6 show examples of the upper part of a dike (close to the surface) and a sand blow. On the west wall, at vertical line 13.4 (Fig. 5b) , we observed the upper part of a dike that feeds into a sand blow 20 cm west of the trench. This dike changes in width along its length, a common feature for most of the dikes exposed at this site. We assigned an average width and a range to each dike (Ⓔ Table S11 and Ⓔ Fig. S15 ). The dike also splays into two branches close to the trench floor, where it follows the outside edges of an old dike (described below). In the east wall, at vertical line 18 (Fig. 6a) , a small sand blow shows the typical convex shape, slightly eroded from the original shape. The dike feeding this sand blow is very thin: 10 mm wide close to the floor of the trench but only 3 mm wide for most of its length.
As measured from aerial photography, the trend of the larger sand-blow fissures close to trench HWK 6 ranges from N50°E to N75°E and other smaller fissures trend east-west and N20°E. The strike of individual dikes measured within the trench walls and floor display two orientations: N20°E-N50°E and N130°E-N150°E (Ⓔ Fig. S16 and Ⓔ Table S12 ).
Several paleoliquefaction features were also observed on both walls of the HWK 6 trench. Between vertical lines 10 and 14 on the western wall and continuing across the trench floor, at least three paleoliquefaction dikes could be observed (Fig. 5a ). The dikes are weathered and redox segregations (mottles) cross the dike margins, indicating that they were formed well before the 2010-2011 earthquakes. In contrast, the 2010-2011 dikes are unweathered and are not mottled. The paleodikes are slightly wider than the 2010-2011 dikes (average width of 4 cm compared with 2 cm; Ⓔ Table S11 ). The paleodikes intrude into macrounit 2 but not macrounit 1, and so the age of macrounit 1 establishes a minimum for the penultimate shaking event that formed the paleodikes. As can be seen at vertical line 13, the outer margins of the paleodikes were used by the 2010-2011 dikes as injection pathways (Fig. 5a ).
On the eastern wall at vertical line 13, a paleosand blow appears eroded at the unconformity between macrounits 1 and 2, so that only the lower part of it has been preserved ( Fig. 6b,d ). The preserved part has a very convoluted lower boundary. It is likely that the slurry of water and sand intruded along the roots of a tree or into cavities left by rotting roots. A modern analog to this feature was observed farther north along the same trench wall (at vertical line 23 on the eastern wall; Ⓔ Fig. S9 ) where the base of the sand blow had an irregular shape, filling root cavities within the topsoil. The paleosand blow is connected to a paleodike that was used as the injection pathway during the 2010-2011 liquefaction events.
HWK 5 Trench. The HWK 5 trench was excavated across an N90°E-trending fissure with coalescent sand blows. The trench was 6.5 m long and 1.5 m deep (Fig. 7a ). An additional pit was hand excavated at the bottom of the trench to 2.5 m depth. Sediment cores were extracted from the bottom of the trench down to 5.5 m (for full trench and core logs . The dashed white line delineates parts of the paleosand-blow margin. The presence of an erosional unconformity between units 6bA and 5Cg provides evidence that the upper part of the paleosand blow has been eroded. The sand-blow age is constrained by the ages of layer 6bA (paleosol), the base of layer 5Cg, and by a radiocarbon sample taken from within the sand blow. Old and new dikes follow the same path. See Figure 3 for trench location. Ⓔ See Figure S9 for exact location of sample HWK T6-C5 and HWK T6-C10. and the sedimentary unit description, see Ⓔ Figs. S7, S8, S18, and Ⓔ Table S6 ).
All liquefaction features exposed in the trench were produced by the 2010-2011 earthquakes and consisted of (1) a compound sand blow that was 3.4 m wide and 20 cm thick (Fig. 7a) , (2) two thin (2-10 mm) dikes feeding the sand blow, and (3) an ∼10-cm-thick sill at the base of the trench (Fig. 7a,b) . The compound sand blow formed during several of the earthquakes in the 2010-2011 sequence.
The subvertical-to-vertical dikes feeding the sand blow had strikes of N114°E (dike at vertical line 5) and N90°E-N100°E (dike at vertical line 3). Those orientations corroborate the trends of liquefaction lineaments observed in this area from aerial photography (Fig. 3a) , in which N90°E is a dominant trend displayed by numerous lineaments that exceeded 100 m in length (composed of aligned fissures with coalescent sand blows). Also in the aerial photo, shorter (< 50 m) lineaments with an ∼N120°E trend can be observed. The edge of the paleochannel at this location is oriented N90°E-N110°E. The dikes were observed cutting all the way from the trench floor through macrounit 1 to the ground surface (Fig. 7a) . The dike seemed to be rooted in a sandy layer at the base of the trench, but further excavations and coring confirmed that the layer was a sill and that the source sands that liquefied must have been deeper than the trench floor (i.e., > 1:5 m).
The sill at the base of the trench was injected into the upper part of macrounit 2 (inside the uppermost organic layers 7bOh1-9bOh3; Fig. 7a ). The sill was observed at the bottom of the hand-excavated pit on the western and northern trench walls. The corner of the western and northern walls of the small pit is shown in Figure 7b , where two vertical dikes can be observed rooted into the sill (note that those dikes are on the northern wall of the small excavation and thus do not appear on the western wall log). The base of the sill was difficult to reach because of the presence of the water table in the bottom of the small hand-dug pit, but core HWK 5 confirmed that it was a sill rather than the top of the source sand for the liquefaction features. Units 7bOh2-9bOh3 are loose in nature, with large pieces of wood and remnants of sedge vegetation. Following liquefaction, the pressurized slurry of water and sand could have easily injected horizontally along the weaker partings within this principally organic unit, thereby locally forming sills.
HWK 3 Trench. The HWK 3 trench was excavated across one of the largest sand blows, with dimension of 4.4+ m width and at least 0.35 m height. The most striking feature at this location was a small, 1-m-wide collapse crater (Fig. 8) . This crater formed a few weeks after liquefaction occurred (Caroline Hardwick, personal comm., 2012) . The western trench wall exposed a complex dike structure with three thick dikes (up to 90 mm wide) connecting to a sill (up to 240 mm thick). Collapse occurred in the area occupied by the sill. At this location, there is no connection between the sill and the sand blow; the connection was observed along strike, as can be seen on the eastern wall (Ⓔ Fig. S5 ).
The surface sand fissure has a trend of N45°E and is the same fissure as the one exposed in trench HWK 6. The strike of the dike ranges from N72°E to N87°E (with dips between 55°a nd 90°toward both the northwest and southeast; Ⓔ Table S12 ) and is more east-west than the mean N45°E of the fissure at this location.
The Marchand Site Geomorphology
The Marchand site is located within a meander bend of the Halswell River (Figs. 2 and 9) . The subtle topography displays high areas (1+ m; in yellow and orange; Fig. 9b ) adjacent to low areas (green and blue), parallel and subparallel to the current river channel. The high-standing geomorphic Liquefaction features produced during the 2010-2011 earthquakes-including sand blows, sand fissures, and blisters-formed along the higher elevation scroll bars and were absent in the intervening low areas (Fig. 9a) . The sand fissures and aligned sand blows were subparallel to the scroll bars and river channel. Some of the fissures were up to 50 m in length and composed of coalescent sand blows up to 4 m wide. Mounds associated with blisters were up to 2 m in diameter, and some were associated with ejected sand or sand blows.
2010-2011 Liquefaction and Paleoliquefaction Features Exposed in the Marchand Trenches
In the Marchand trenches, several types of 2010-2011 liquefaction features were exposed, including cross-sectional views of sand blows, dikes, and blisters. We also found several paleoliquefaction dikes. In this section, we show the location of the trenches with respect to the geomorphic features described above. In addition, we describe and estimate the ages of sedimentary units found in the Marchand trenches and present the best examples of liquefaction features.
Location of Trenches. Four trenches at the Marchand site were excavated across the 2010-2011 liquefaction features (Fig. 9) . Trenches MAR 1 and MAR 4 were located on a scroll bar within 25-50 m of the inside of a meander bend of the Halswell River. Trenches MAR 2 and MAR 3 were located on a more distal and broader scroll bar on the inside of the meander bend about 90 m from the Halswell River. Substantial liquefaction occurred at the highest point of this older bar, but it could not be studied because of the presence of buildings. Also trench MAR 2 collapsed during excavation and could not be studied. Two cores at the base of trenches 1 and 4 reached depths of ∼4 and 3 m.
Sedimentary Units at Marchand Site. Sedimentary sequences in the MAR 1 and MAR 4 trenches, located on the outer scroll bar closest to the current river channel, were similar. We recognized two macrounits in each, labeled 1a and 2a ( Fig. 11 ; see full trench logs in Ⓔ Figs. S11, S12, and S14; see trench unit descriptions in Ⓔ Tables S8 and S10; see core descriptions in Ⓔ Figs. S20 and S21) . The use of similar nomenclature for macrounits at the Hardwick and Marchand sites does not imply a stratigraphic correlation between the two sites. Also, the "a" designation distinguishes macrounits on the outer scroll bar from those on the inner scroll bars (labeled "b"; see below) at the Marchand site. Macrounit 1a was characterized by very fine sediments, comprising silt loams, loamy silts, and very fine sands. The upper boundary of macrounit 2a at 1.5 or 1.8 m depth for trenches MAR 1 and MAR 4, respectively, was defined by a woody peat up to 70 cm thick within macrounit 2 found in the cores. Below this layer, sediments of macrounit 2a alternated between silts and medium sands with some thin fine sand beds. The lowermost 60 cm of the unit, from 4.1 to 4.7 m depth (revealed at trench MAR 1) was a distinctive olive-brown to yellowbrown medium fine sand. This sand was the same color and grain size as the sand in the sand blows observed on the outer scroll bar and within the blister that we excavated at trench MAR 4
A charcoal sample from 1.3 m depth in macrounit 1a yielded a radiocarbon age of 861 18 yr B.P. (sample MAR T1-C6; see MAR 1 trench log in Ⓔ Fig. S12 and radiocarbon age data in Ⓔ Table S13 ), and a sample from near the base of the peat marking the top of macrounit 2a at the same site provided an age of 1009 18 yr B.P. (sample MAR 1-C1-T2-S1; Ⓔ Fig. S11 and Ⓔ Table S13 ). In MAR 4 trench, a sample from the top of the same peat yielded an age of 709 19 yr B.P. (sample MAR 4-C1-T1; Ⓔ Fig. S14 and Ⓔ Table S13 ). A thinner peat layer (5 cm thick) at 3.06 m Table S13 ).
Sedimentary units exposed in the MAR 3 trench, located on the inner scroll bar, were similar to macrounit 1a; however, the time-transgressive nature of sedimentation across meander scroll sequences reduced our confidence in the strength of this stratigraphic correlation. Consequently, we have provisionally labeled this unit macrounit 1b until additional data become available. A relatively old age of 1038 20 yr B.P. from only 0.6 m depth (sample MAR T3-C2 in Fig. 10a and Ⓔ Fig. S13 ; Ⓔ Table S13) affirms the need for a cautious approach to stratigraphic correlation. No deeper stratigraphic units were defined during this study.
Representative Liquefaction Features from Two Trenches
MAR 3 Trench. MAR 3 trench was 4 m long and 1.2 m deep and excavated across a sand blow of a N35°E-trending fissure of coalescent sand blows. Three walls of the trench were logged with 1 × 1 m 2 and 0:5 × 0:5 m 2 grids ( Fig. 10a and Ⓔ  Fig. S13 ). The walls perpendicular to the fissure (northeast and southwest) exposed a subvertical, 10-100-mm-wide dike running from the trench floor and connecting with the sand blow at the surface. The north wall, parallel to the trend of the fissure, exposed a series of dikes (40-100 mm wide) with a subhorizontal apparent dip (true dip 28°-58°NW). These dikes had strikes of N30°E-N50°E and N160°E (Ⓔ Table S12 and Ⓔ Fig. S17 ).
Two generations of dikes were observed in the trench: 2010-2011 dikes and paleodikes (Fig. 10c) . The former recently injected sand dikes were unweathered and had sharp margins and clear connections both to the sand blow exposed at the surface and to each other. The paleodikes were weathered and had clear but irregular margins crosscut by redox segregations. The paleodikes were locally crosscut by the 2010-2011 dikes. In some places, the 2010-2011 dikes were intruded along the margins of the older dikes. The exposed sand blow was 4 m wide and 20 cm high. Depositional features, such as fine crossbedding, were observed. Two main depositional units belonging to the 2010-2011 events could be distinguished by the presence of tree leaves deposited on the sand blow prior to the second event (Fig. 10b) .
MAR 4 trench. MAR 4 trench was 1.4 m deep and 5 m long and was excavated across one of the circular-tosubcircular mounds that were formed during the 2010-2011 liquefaction events (Fig. 9) . Some of these mounds, such as the one studied in the MAR 4 trench, were also associated with sand vented on the surface. We describe these types of features as liquefaction blisters, and they seem to occur in areas of thick (> 0:5 m) topsoil.
The liquefaction blister exposed in the MAR 4 trench consisted of two shallow dipping (0°-45°dip both northwest and southeast), N25°E-N70°E striking, thick (up to 25 cm wide) dikes injected into the topsoil (Fig. 11a-d) , and sand blows formed where dikes reached the surface. The local thickening of the topsoil layer caused by sand injection created the mound or blister on the surface. The sand dike beneath the blister was 7 cm wide and could be traced downsection through the alluvial sequence to the bottom of the trench (Fig. 11a,e) . The liquefied sand layer that was the source of the sand dikes was not observed in the trench. The dikes forming the blister exhibited laminations (defined by subtle changes in grain size) in the connection between the blister dikes and the thin feeding dike (Fig. 11c) that were parallel to the dike margins (Fig. 11d) . The lamination suggests laminar flow during injection of the slurry. Trench HWK 4b at the Hardwick site was excavated across a blister that displayed similar characteristics (see Ⓔ Fig. S6) .
A small graben-like structure associated with a subvertical sand dike below the blister was observed at the base of the MAR 4 trench wall (Fig. 11a,e) . However, with the limited exposure, it is difficult to know whether this structure is an elongated graben or a circular, or semicircular, collapse structure. The trend of dikes in the collapse area is to be all subparallel to the scroll bar, suggesting that the collapse is likely to be elongated. This structure occurs close to the river bank, and thus it may be associated with lateral spreading. It is also possible that the collapse is associated with consolidation and/or evacuation of an underlying liquefiable sand reservoir, and thus its shape would then be determined by the volume of the evacuated sand. The geometric relationships between faulting, dike intrusion, and sedimentation suggest that the small graben formed during the 2010-2011 earthquake sequence. No prior liquefaction event(s) could be identified in the MAR 4 trench.
Discussion Liquefaction

Influence of the Sedimentary Environment in the Distribution of Liquefaction
Association between Meander Scroll Bars and Liquefaction. There is a strong spatial correlation between particular environments within the alluvial system and the occurrence of the 2010-2011 liquefaction. Therefore, detailed mapping of geologic deposits (assisted by geomorphic mapping with high-resolution topographic maps) may help to identify sites that liquefied in the past and that may be prone to liquefaction in the future. Our results also corroborate previous findings that liquefaction susceptibility is strongly linked to the environment of deposition (e.g., Youd and Hoose, 1977; Youd, 1984; Tuttle and Atkinson, 2010; Holzer et al., 2011; Tuttle and Hartleb, 2012; Civico et al., 2015) . At Lincoln, we are in the process of investigating the characteristics of the sediment that liquefied and its depositional environments to strengthen these correlations. Here, we summarize our observations and preliminary interpretations.
There is a very strong spatial correlation between liquefaction features and the ridges of scroll bars on the inside bends of meander loops. This correlation has been observed at the Marchand site (Figs. 2 and 9 ) and in several areas along the Halswell River channel. The Marchand site excavations also exposed paleoliquefaction dikes at the same location as the 2010-2011 liquefaction features. The orientations of the sand fissures (Figs. 2 and 9 ) and the feeder dikes (Ⓔ Table S12 and Ⓔ Fig. S17 ) are subparallel to the scroll bar trends and the river channel.
Liquefaction associated with the inner side of meanders has been widely reported in New Zealand Bastin et al., 2015) and elsewhere (e.g., Youd and Hoose, 1977; Tuttle, 1999; Holzer et al., 2011) . Liquefaction occurs here because (1) the sediments are typically younger and less consolidated in the inner meanders and (2) during strong horizontal ground motions, the inner banks of meanders are not confined (i.e., the arching geometry of the inner meanders allows for lateral spreading), whereas outer meanders are confined. These are characteristics specific to the Marchand site.
At the Marchand site, we also observe that surface expressions of liquefaction are confined to meander scroll bars (ridges) and are not present in the swales. The source layer for the liquefied sands was not exposed at this site, but liquefaction of the MAR 2 trench floor at < 1 m depth during excavation (caused by the vibration of the digger) suggests that it could be quite shallow. The water table at the time of excavations was ∼1:5 m deep at the Marchand site. In point-bar systems, sedimentary deposition processes, and thus the properties of sediments such as grain-size distribution, void ratio, and permeability, and their depth below the surface, differ between ridges (scroll bars) and swales (Pranter et al., 2007; Van de Lageweg et al., 2014) . The ridges are underlain by sandy point-bar deposits that are close to the surface, whereas sandy deposits are much deeper beneath swales and are overlain by relatively thick fine-grained and organic-rich deposit. These observations agree with the explanation that sand dikes and blows form along the crests of scroll bar deposits due to the liquefaction susceptibility of underlying point-bar deposits and the relatively thinness of the top stratum.
Association among Abandoned Meander Channels, Abandoned Point Bars, Crevasse Splays, and Liquefaction. At the Hardwick site, because the crevasse splay overtops an old, infilled meander channel and its scroll bars, the correlation between the spatial distribution of liquefaction and the geomorphic elements of the alluvial system is less clear. Grain-size analysis, together with analysis of the liquefaction pattern, suggests that liquefaction at the Hardwick site could be associated with the channel and point-bar deposits. Preliminary comparisons of particle-size distribution between the sand-blow material and deeper sections of the longest core (HWK 6-1) (Fig. 12) suggest that the sand blows could be sourced from a layer at 4+ m depth (macrounit 2; e.g., sample HWK 6 C1-T2-60 in tube 2 at 60 cm depth in Ⓔ Fig. S19b , which has a similar particle-size distribution as the liquefied sands in Fig. 12 , was located ∼4 m depth). Based on unit descriptions and the geomorphic setting, that layer is likely to consist of channel bed or point-bar deposits (sand) overlain by channel infill deposits (silt) (macrounit 2), which in turn are overlain by crevasse splay deposits (macrounit 1). The liquefaction fissures show several trends (surface expression, Figs. 2, 3 , and Ⓔ Fig. S1 ; dike trends, Ⓔ Fig. S16 ), with two predominant orientations that are subparallel to the old meander channel and to the inferred orientation of its scroll bar complex. Liquefaction features often form along the margins of an abandoned channel deposit where fine-grained deposits overlie coarse-grained deposits (Tuttle and Barstow, 1996) . However, at the Hardwick site, based on the surface expression of liquefaction, liquefaction features not only formed along the margin of the old channel, but they also formed within the abandoned channel itself and its buried scroll bars.
The other peculiarity of the Hardwick site is that, while the meander channel and associated scroll bars extend farther south from the site (Fig. 2) , the surface expression of liquefaction is prominent where the meander is covered by silt and very fine sand of the crevasse splay (macrounit 1) but is almost absent farther south. The reason for the presence of pervasive liquefaction in the area of the crevasse splay and not to the south remains unclear. The spatial association between liquefaction and the crevasse splay may be purely coincidental, but further studies are being undertaken to understand why this area was so susceptible to liquefaction.
Association between the Floodplain and Liquefaction. Particle-size analysis suggests that the sands in the floodplains are potentially liquefiable. However, no surface expression of liquefaction occurred on the floodplain. Sand samples obtained at 2.8 m depth from the HWK 4a trench (sample PAD in Fig. 12 ; trench location in Fig. 3) show a similar particle-size distribution to the liquefied sand in HWK 6 (samples GS1-GS4 in Fig. 12 ; location of samples on trench logs in Ⓔ Figs. S10 and S19), and the water table was close to the surface. This observation suggests that the floodplain could have potentially liquefied but that sand was not ejected to the surface or that the floodplain did not liquefy. Further studies with exploration methods that allow retrieval of information in water logged areas are needed to better understand the liquefaction process in the floodplain.
Inferences for Paleoseismology and Hazard Assessment from Observed Liquefaction Features. In this section, we summarize the types of liquefaction features found in the trenches and present some insights into how these observations can be used for interpretation of similar paleoliquefaction features. We also discuss the sizes of the liquefaction features in the context of earthquake magnitudes.
Types of Liquefaction Features Observed. Four main types of features have been found in the trenches in the Lincoln area:
• Sand blows that formed single and multiple, coalescing sand blows along linear fissures (e.g., Fig. 4 ): Some sand blows contain different types of sand (Fig. 4c) , which may imply that they come from different sources during the same shaking event.
• Blisters or injections of subhorizontal dikes into the topsoil that have not fully ejected to the surface: These injections raise the ground surface, producing a subround mound, like a blister (trenches HWK 4b and MAR 4; e.g., Fig. 11 ).
Figure 12.
Comparison of particle size with thresholds for liquefiable sands based on Tsuchida (1970) : GS1, paleoliquefaction dike from HWK 6 trench west wall; GS2, paleoliquefaction sand blow from HWK 6 trench east wall; GS3, modern dike from HWK 6 trench east wall; GS4 modern sand blow from HWK 6 trench east wall; PAD, nonliquefied sand from 2.8 m deep at HWK 4a trench; HWK 6 C1 T1 20, sand layer located at 1.8 m depth (core; macrounit 2); HWK 6 C1 T2 60, sand layer located at 4.0 m depth (core; macrounit 2); HWK 6 C1 T3 20, sand layer located at 4.8 m depth (core; macrounit 2); HWK 6 C1 T4 60, sand layer located at 5.5 depth (core; macrounit 3). Particle-size analysis was undertaken with a Micrometrics Saturn DigiSizer II 5205 at University of Canterbury.
Occasionally, part of the injection reaches the surface via rupture of the blister.
• Dikes originating in the subsurface layers that liquefied, crosscutting overlying sediment: In some cases, these are involved in the formation of blisters and sand blows (also in most trench logs; e.g., Fig. 10a,c ).
• A collapse structure associated with dikes, where softsediment faults are intruded by dikes (e.g., Fig. 11a,e ): This type of structure seems to form close to the river bank and thus may be associated with lateral spreading or with collapse due to consolidation and/or evacuation of an underlying liquefiable sand reservoir.
Insights into Paleoseismic Exploration Methods. The sizes of liquefaction features described here have implications for the methods that will be most useful for identifying the presence of paleoliquefaction in similar alluvial systems. For example, high-resolution geophysics may be required to image thin dikes similar to those that formed during the 2010-2011 Canterbury earthquakes, and paleoseismic excavations may be sited in crevasse splay deposits that have been shown to bury and preserve small sand blows that would not persist for long at the ground surface.
Insights into the Age of Paleoliquefaction Features. An important aspect of estimating the age of paleoliquefaction features involves precise understanding of their temporal relationship with the host sediment (Tuttle, 2001; Tuttle et al., 2002; Tuttle and Hartleb, 2012; Bastin et al., 2015) . For example, the age estimate of a buried sand blow is often based on dating the overlying and underlying sediment. A tightly constrained age of the sand blow reduces the uncertainty of the age estimate. In contrast, the age estimate of a sand dike is often based on the maximum constraining date of the sediment crosscut by the dike. As a consequence, age estimates of sand dikes generally have larger uncertainties than those for sand blows. For the purpose of time assessment, blisters need to be treated with care. In this study, blisters are found in several places with thick, clay-rich topsoil or in soil with a high root density, where it is difficult for the sand to extrude to the surface. As observed for the blisters that formed during the 2010-2011 Canterbury earthquakes, associated sand dikes do not always extend to the ground surface. This is an important observation for paleoliquefaction studies. In cases like this, the sediments above the blister would not provide a minimum age. The age of the sand dike is younger than the soil in which it is embedded. That is, blisters should be treated as dikes or sills when assessing their timing unless the dike extended to the ground surface and vented onto the surface as a sand blow. Typical characteristics of paleoblisters (and sills) will be that they split a layer apart (usually a paleosol in the case of blisters), and thus sediments above and below are either the same or have a natural vertical continuity (e.g., a buried soil A horizon over a soil B horizon may be split by a blister or sill). The thick dikes and sills associated with the blister present flow structures similar to dikes (e.g., thin fine-grained borders, flow laminations subparallel to the walls) but will not have lowangle or cross-lamination structures that are typical of sand blows. If no erosion occurs before the blister is buried, the mound formed by the blister may be recognizable as a convexity in the buried geomorphic surface.
Also in terms of analyzing the number of paleoseismic events found in MAR 3 trench, our observations suggest that, once the 2010-2011 liquefaction dikes are weathered, they will appear visually similar to the currently weathered paleoliquefaction dikes. Degrees of weathering are used to differentiate dike generations in the central United States (Tuttle and Hartleb, 2012) . To constrain uncertainties associated with different degrees of weathering, it is important to identify crosscutting relationships so as to distinguish different generations of dikes. However, it is important to note that, during the Canterbury earthquakes, many dikes intruded along pre-existing dikes (both pre-2010 dikes and also those formed in the early parts of the Canterbury sequence), and thus paleoseismic results based only on the dike presence could significantly underestimate the number of liquefaction events Bastin et al., 2015;  and this study).
Insights into the Size of Paleoliquefaction Features. We compared the size of the sand blows, blisters, and dikes studied in the trenches with other sites in Christchurch and with international examples. Ⓔ Figure S15 and Ⓔ Table S11 show that sand-blow sizes range from 10 to 40 cm height and from > 2 to 4 m width, and dike widths range from 1 to 3 cm for both our study sites. Sand-blow heights are likely to represent multiple layers resulting from the three to four events that caused liquefaction at our study sites. Although we have not been able to quantify the sizes for each of the events at our studied sites, photographic evidence after the June 2011 event shows that the width of sand blows formed during the September earthquake (PGA 7:5 0:38g) may represent the largest widths measured here, and that the June 2011 (PGA 7:5 0:04g) sand blows are about one-third to one-half of that width (e.g., Fig. 4b) .
In eastern Christchurch, dikes that formed during strong shaking (PGA > 0:4g) in the 22 February 2011 Christchurch earthquake ranged up to 25 cm wide, both at sites underlain by highly susceptible sediments and at sites that suffered severe lateral spreading. Maximum sand-blow heights (thickness) locally exceeded 30 cm in eastern Christchurch . Sand-blow thicknesses and dike widths do not easily correlate because other factors such as liquefaction susceptibility of sediments, depth of the water table, material properties, and the proximity of free faces that affect lateral spreading are also important. Paleoliquefaction features identified by Bastin et al. (2015) in eastern Christchurch and those recorded in this study have similar dimensions to modern liquefaction features, suggesting that susceptibility of the sediment has not changed substantially through time. Some dikes are wider when they are close to a free face, such as the edge of a river channel; for example, in Avonside (eastern Christchurch), where lateral spreading was widespread, dikes decreased in width away from the Avon River .
Sand blows that formed during the 1988 M w 5.9 Saguenay, Quebec, earthquake are of a similar size to the ones described for the 2010-2011 Canterbury events (Tuttle et al., 1990 (Tuttle et al., , 1992 . The Saguenay sand blows generally ranged from 7.5 to 22 cm thick, 30 to 500 cm wide, and 30 to 1000 cm long, with associated feeder dikes ranging from 1 to 30 cm wide. At the liquefaction site closest to the Saguenay epicenter, the sand blow was 10 cm thick, 1000 cm wide, and 1500 cm long, in association with two sand dikes 2 and 50 cm wide. Sand dikes in the Charlevoix seismic zone, southeastern Canada, ranged from 0.5 to 15 cm wide (Tuttle and Atkinson, 2010) . In contrast, sand blows in the New Madrid seismic zone, United States, are commonly 1-2 m thick, tens of meters wide, tens to hundreds of meters long, and associated with sand dikes tens to hundreds cm wide (Tuttle et al., 2006; Tuttle and Hartleb, 2012) .
The difference in size and area of occurrence between the 2010 and 2011 liquefaction features in the Christchurch area and the New Madrid seismic zone is likely related to (1) the liquefaction susceptibility of the sediments; (2) the characteristics of the geomorphic elements (such as the size of the braided stream and meandering stream belts of the two river systems) and local topography; and (3) the characteristics of ground shaking (PGA 7:5 , frequency content and shaking duration). In general, sediment is moderately dense and liquefiable in the New Madrid region (Saucier, 1994; Obermeier, 1996) , whereas sediment is loose and highly liquefiable in the Christchurch region (Elder et al., 1991) . The 1811-1812 New Madrid sequence included three mainshocks of M w 6.8-8.0 and one aftershock of M w 6.3-7.2 that induced liquefaction (Tuttle and Hartleb, 2012) , whereas the Canterbury earthquake sequence included one earthquake of M w 7.1 and at least seven (possibly up to 11) earthquakes of M w 5.2-6.2 that induced liquefaction ; Geotechnical Extreme Events Reconnaissance [GEER], 2010). Also, the geomorphic elements in the Mississippi alluvial system are larger than those of the Waimakariri-Halswell alluvial system. For example, some point bars in the Mississippi River are several kilometers long and hundreds of meters wide, whereas the scroll bars in the Waimakariri system area are less than 1 km long and only a few tens of meters wide.
We have not analyzed sand blows and dike sizes from the 2010-2011 earthquake sequence to the extent where robust comparisons between the morphology of liquefaction features can be compared with earthquake shaking intensity, epicentral distance, and/or sediment type. However, from our preliminary observations, it seems that the liquefaction features in similar alluvial sedimentary environments close to the epicenters are of a similar size, or slightly larger than Bastin et al., 2015) , those found at distant areas (i.e., our study area, 17 km away from the 2011 February epicenter). This suggests that, in addition to earthquake shaking intensity and epicentral distance, the morphology of the liquefaction features is influenced by geologic, hydrologic, and geomorphic site characteristics. Quigley et al. (2013) showed power-law empirical relationships between relative PGA 7:5 and relative sand-blow thicknesses and areal extents, indicating that surface liquefaction volumes (but not feeder-dike widths) corresponded to shaking intensity at a given site. This implied that preceding liquefaction and related effects (e.g., soil densification) did not significantly reduce the susceptibility of sediments to future liquefaction at the studied site. Furthermore, only two generations of liquefaction feeder dikes were recognized at the site despite 10 or more observed liquefaction events, implying the number of distinguishable feeder-dike generations may significantly underrepresent the number of actual liquefaction episodes.
Paleoliquefaction
Age of Paleoliquefaction Features. At the Hardwick site, paleoliquefaction features formed between A.D. 908 and A.D. 1336, based on OxCal analysis of the age of sediments (older than layer 6bA, paleosol, and younger than the base of layer 5Cg) and a piece of wood found within the paleosand blow (maximum age; radiocarbon sample HWK T6-C6; Fig. 7b and Ⓔ Fig. S22 ). The paleoliquefaction event occurred after the formation of the soil in the top of macrounit 2 (unit 6bA, radiocarbon sample HWK T6-C5) and before deposition of the crevasse splay deposits of macrounit 1 (unit 5Cg; e.g., HWK 6 trench; Fig. 6b , Ⓔ Figs. S9 and S10; radiocarbon samples HWK T6-C7, HWK T6-C10, and HWK T6-C14). The paleosand blow formed when unit 6bA (HWK 6 trench) was at the ground surface. The upper portion of the sand blow was subsequently eroded. The trees rooted in the paleosol (radiocarbon sample HWK T6-C12) died when younger fluvial sands (crevasse splay sediments) were deposited over the erosional surface At the Marchand site, paleoliquefaction features formed between A.D. 1017 and A.D. 1840. This date is based on the age of sediments and OxCal analysis ( Fig. 10a and Ⓔ Fig. S13 ; OxCal analysis in Ⓔ Fig. S23 ). The mottled and weathered sand dikes crosscut sediment deposited after A.D. 995-1141 (calibrated age for sample MAR T3-C1; Fig. 10 ). The paleodikes extend to the base of the topsoil, but there is no related sand blow to indicate ground-surface exposure at the time of the event. Therefore, we are unable to constrain the minimum age of this event. No historical earthquake is known to have induced liquefaction in this area; therefore, we assume the weathered liquefaction features probably formed before European settlement (∼1840). However, it is possible that sparse population hindered reporting of liquefaction associated with the 1870 Lake Ellesmere earthquake (see more discussion in the Correlation of Paleoliquefaction Features with Historic and Prehistoric Earthquakes section).
Number of Paleoseismic Events. The poorly constrained age estimated for the Marchand paleoliquefaction features overlap the age of the Hardwick features. Given the proximity of the two sites, the simplest interpretation is that they formed during the same event, but it is possible they formed in different events. It is also possible that the paleoliquefaction features found at the Marchand site were formed by two or more events, one of them being the same as that recorded at the Hardwick site. Although we do not observe any crosscutting relationships among the paleodikes mapped in the MAR 3 trench (Fig. 10a ) that could be indicative of more than one event, it is still possible that several intrusions occurred along the same dike paths and removed evidence of preceding events. It is also possible that mottling hinders discrimination between events , reported several surface liquefaction extrusions associated with the Canterbury sequence with feeder dikes that contained evidence for only one intrusion event).
We do not have a clear stratigraphic link to confirm that the paleoliquefaction at the Hardwick and Marchand sites represents the same shaking event. Nor do we have any evidence to support more than one paleoliquefaction event. If we assume that the paleoliquefaction recorded at the two sites is from the same event, which is plausible given the close proximity (2 km) and the similar responses during the 2010-2011 liquefaction events, then the timing of the paleoevent would be the intersection of the age estimates of paleoliquefaction features at each site (or A.D. 1019-1337 ; OxCal analysis in Ⓔ Fig. S24 ). In summary, and with the data available, we conclude that at least one liquefaction event occurred in the Lincoln area between A.D. 908 and A.D. 1336 (from Hardwick data) or A.D. 1019-1337 (assuming the Hardwick and Marchand events are the same), although we cannot rule out the occurrence of another event in the period A.D. 1017-1840 or even younger (i.e., the 1870 Lake Ellesmere event, see discussion in the next section).
Correlation of Paleoliquefaction Features with Historic and Prehistoric Earthquakes. In Figure 13 , we plot the timing of paleoliquefaction at our sites, along with the timing of known historic and prehistoric earthquakes in the wider region, in relation to their epicentral distance to our sites. We also identify other active faults that are close to the site but for which we do not have a seismic record (Forsyth et al., 2008; Stirling et al., 2012 ; see also Fig. 1 for fault locations) .
As a first approximation to excluding some of these seismic-source candidates, we used a PGA 7:5 threshold approach (e.g., Quigley et al., 2013; Santucci de Magistris et al., 2013) and the new magnitude-bound relations developed from historic New Zealand liquefaction data (Maurer et al., 2015) . For the PGA 7:5 threshold approach, we used two different ground-motion prediction equations (GMPEs, McVerry et al., 2006; Bradley, 2013) to calculate the PGA 7:5 (magnitude weighted; Youd et al., 2001 ) at our site from modeled ruptures of each fault (Table 1) . Thresholds for inducing liquefaction have been suggested from PGA 7:5 0:09g from an international database (Santucci de Magistris et al., 2013) or as low as PGA 7:5 0:06g for a highly susceptible area of Christchurch .
We note that using the PGA 7:5 threshold concept does not include important information on the mechanics of liquefiable soils. For example, we are not accounting for frequency effects of the motions and changes in shear strength of the soil column (e.g., Seed and Idriss, 1971; Idriss and Boulanger, 2008) .
Therefore, results based on this approach are only preliminary. However, given that there is a rich set of recorded PGA data close to our site, we consider that using this approach in conjunction with Maurer et al. (2015) may bring some more insights into what earthquake sources could have produced paleoliquefaction at Lincoln. To assess the threshold PGA 7:5 at which liquefaction may occur at our study site, we used the Canterbury records at the nearby LINC seismic station (∼3 km away from the site), which is located on similar soil (type D soil of the New Zealand Standard NZS1170, 2004), and information on historic earthquakes. For these historic earthquakes, we either know or can calculate the PGA 7:5 and have records to determine whether they historically caused liquefaction or not. During the Canterbury earthquake sequence, the 4 September 2010 (M w 7.1), the 22 February 2011 (M w 6.2), and the 13 June 2011 (M w 6.0) liquefaction occurred at the two sites. Landowners of both properties reported a much larger degree of liquefaction during the September 2010 event than the June 2011 event. When asked to rate the proportions of liquefaction for different events, the landowners rated them in the following way: if September 2010 is considered 100%, February would be 80% and 60%, and June would be 15% and < 1% for the Hardwick and Marchand sites, respectively. There are no historical reports of liquefaction in Lincoln during the 1869 Christchurch earthquake (M w 4.7-4.8), the 1870 Lake Ellesmere earthquake (M w 5.6-5.8) (Downes and Yetton, 2012) , or the 1888 Amuri earthquake (Hutton, 1888) .
The magnitude-weighted PGAs recorded at LINC station during the Canterbury earthquake sequence are plotted against M w in Figure 14 and events that produced liquefaction are highlighted. We also highlighted one aftershock of 4 September 2010 event, 20 min after the main event, that could have caused liquefaction (identified as "possible liquefaction" in Fig. 14) , but this would not have been distinguishable from the mainshock because both events occurred during the night. The plot shows that the liquefaction triggering threshold for widespread liquefaction is at least as low as PGA 7:5 0:07g at this site from the occurrence of liquefaction associated with the 22 February 2011 event. It is also possible that smaller events, such as on 13 June 2011 (PGA 7:5 0:04g), can also cause minor liquefaction, but there were several events with similarly low PGA 7:5 that did not produce liquefaction.
Comparisons of the threshold suggested here for triggering widespread liquefaction (PGA 7:5 0:07g) with the PGA 7:5 calculated at the site from rupture of regional faults can be used as a preliminary approach to help assess which faults could produce substantial liquefaction at Lincoln. Table 1 shows that regional faults that are more than 100 km away from Lincoln could cause only minor liquefaction there (except for the Alpine fault). However, all regional faults within < 60 km (Table 1) could cause widespread liquefaction.
The probabilities of liquefaction at Lincoln for various seismic sources based on the magnitude-bound relations developed by Maurer et al. (2015) are shown in Table 1 . These results suggest high probabilities (16%-93% and 31%, respectively) that sources within a 60 km radius of Lincoln as well as the much more distant (135 km) Alpine fault can produce extensive liquefaction. Maurer et al. (2015) show similar results for a site in eastern Christchurch.
Although there is no historic record of liquefaction during the 1869 Christchurch and the 1870 Lake Ellesmere earthquakes at Lincoln, we interpret this as "absence of evidence" rather than "evidence of absence": the sparse population and the likelihood of incomplete reporting dictate a conservative approach. Figure 14 and Table 1 can also help to assess this question. We calculated the possible PGA 7:5 and the probabilities of liquefaction (from Maurer et al., 2015) for these two events using the mean distance and M w values (there is great uncertainty in these two parameters). Our calculations suggest that it is highly likely that the 1870 Lake Ellesmere event produced liquefaction at Lincoln. However, PGA 7:5 values for the 1869 Christchurch earthquake suggest that it could have triggered only minor liquefaction, if any.
Fault Sources Associated with Paleoliquefaction Features. The simplest interpretation of the paleoliquefaction features at the Hardwick and Marchand sites is that they formed as the result of the same event (A.D. 1019-1337) . It is known from other paleoseismic studies that several faults ruptured during the same period as the paleoliquefaction event. These faults include the subduction zone (southern segment), the Alpine fault, the Hope fault (Conway, Hope River, and Hurunui segments), and the Porters Pass fault (see the Fig. 13 caption for Figure 13 . Timing of major historic earthquakes, prehistoric fault ruptures, and large landslides in the wider region. Timing information from subduction zone, Clark et al. (2015) ; Alpine fault, Berryman et al. (1992) , Berryman, Cochran, et al. (2012) , Berryman, Cooper, et al. (2012) , and Howarth et al. (2012 Howarth et al. ( , 2014 ; Hope fault, Conway segment, Langridge et al. (2003) ; Hope fault, Hope River segment, Cowan and McGlone (1991) ; Hope fault, Hurunui segment, Langridge et al. (2013) and Khajavi et al. (see Data and Resources) ; Poulter fault, Berryman and Villamor (2004) ; Acheron rock avalanche, Smith et al. (2006) ; Porters Pass fault, Howard et al. (2005) ; Ashley fault, Sisson et al. (2001) ; Moncks Cave, Jacomb (2008 Jacomb ( , 2009 . Location information for all faults from Litchfield et al. (2014) and references therein. Vertical black dotted lines associated with individual faults indicate that there are no paleoearthquake data. Vertical gray dotted lines indicate that paleoearthquake studies suggest that no ruptures occurred for that fault during that period. references). Using PGA 7:5 ≥ 0:07g as a possible liquefaction threshold and the magnitude-bound relations for paleoliquefaction analysis from Maurer et al. (2015) , we further limit these sources to the Porters Pass fault about 70 km distance (penultimate event; 50% probability) and the Alpine fault at 135 km distance (penultimate event; 35% probability). Rupture of the Porters Pass fault is known to have caused a large rock avalanche in the southern Alps (Smith et al., 2006) . Other faults close to Lincoln (Hororata, Springbank, and Rakaia), for which there are no paleoearthquake data, also could have produced liquefaction at our site (PGA 7:5 at Lincoln > 0:09g; and 50%-84% probability based on Maurer et al., 2015) .
Although the Hope fault produced paleoearthquakes during this time period, these have not been considered, because the potential median PGA 7:5 at Lincoln from this fault is below the threshold and Maurer et al. (2015) suggest a < 7% probability. However, better constraints on shaking thresholds for the area or a more in-depth analysis of the soil properties at Lincoln and other sites could increase our confidence in this initial finding. The Greendale fault has also been excluded, because its penultimate event is likely to have occurred > 20;000 years ago Hornblow et al., 2014) . In addition, the Ashley fault has not ruptured in the last 1300 years and has similarly been discounted (Sisson et al., 2001) .
If the paleoliquefaction at the Marchand site occurred after that at the Hardwick site, several fault sources that ruptured during the period A.D. 1340-1840 could have been responsible (Table 1 and Fig. 13 ). The Porters Pass fault (most recent event), the Alpine fault (either of the last two events), the subduction zone (earthquake 1 of Clark et al., 2015 , which could be a multiple segment rupture), or any of the faults with no earthquake record (Hororata, Springbank, Ashley, and Rakaia) are potential candidates. The Porters Pass fault is a strong candidate because the timing of its most recent event may coincide with dates for the sealing of Moncks Cave in Sumner, Christchurch, by a rock avalanche (Jacomb, 2008; . Although it is possible that this failure was not seismically triggered, the location of the avalanche is only 22 km away from the Marchand site (and at a similar distance from the fault source as the Marchand site), which could indicate that both sites experienced strong shaking simultaneously.
The age estimate of a major paleoearthquake(s) presented here is only preliminary. Dating of more paleoliquefaction features at additional sites across the Canterbury area would greatly improve our determination of the timing and the likely seismic source. Furthermore, several active faults, closer to the site than those discussed above and for which there currently are no paleoearthquake data, could have been responsible for the paleoliquefaction described herein. In addition, given that 10 of the 11 liquefaction-inducing earthquakes in the Christchurch area during the 2010-2011 sequence were produced by blind faults, there is a strong possibility that the paleoliquefaction events presented were also triggered by proximal blindfault earthquakes. For example, Bastin et al. (2015) tentatively attributed some of the pre-2010 liquefaction features in eastern Christchurch to the 1869 M w 4.9 Christchurch earthquake. Recently, identified offshore active faults (Barnes et al., 2011) provide additional seismic sources to consider. If paleoliquefaction on the southeastern Canterbury Plains is related to local earthquakes, the timing of paleoliquefaction events can fill an important gap in the paleoearthquake record for the Christchurch region. It is also important to note that the lack of paleoliquefaction features in a particular trench does not indicate that certain faults did not cause liquefaction in our study area; it may indicate that we have not exposed it in our trenches. However, the predilection for liquefaction sites to reliquefy during subsequent events and for injections to reuse preexisting dikes gives us more confidence that our record is not strongly biased by lack of discovery. Importantly, identification and dating of paleoliquefaction features in the wider area that can be influenced by shaking caused by rupture of the subduction zone could contribute to understanding the impacts and timing of this type of rupture.
Paleoliquefaction studies, along with analysis of PGA s recorded during the Canterbury earthquake sequence (or any other recent earthquakes that may or may not have caused liquefaction at a study site), can better constrain potential PGA 7:5 thresholds and can be combined with additional fault paleoseismic studies (e.g., Hornblow et al., 2014) and other geologic indicators of strong shaking (e.g., Mackey and Quigley, 2014) to inform the paleoearthquake history for the region.
Conclusions
We documented liquefaction features at two sites (Hardwick and Marchand sites) in Lincoln (southwest of Christchurch) that formed during the 2010-2011 Canterbury earthquake sequence. Paleoliquefaction features were also identified at both sites. Comparison of detailed geomorphic mapping (assisted by high-resolution DEMs) with the spatial distribution of liquefaction features, and with information on the potential sand source for the liquefied sand from trenches and cores, suggests a strong correlation between liquefaction and alluvial channel and point-bar deposits. This is clearly displayed at the Marchand site, located at the inner meander bend of the Halswell River, and at other similar sites along this river course. At the Hardwick site, located at an abandoned meander channel close to the Halswell River, this association is to some extent obscured by the burial of the meander channel and its scroll bar complex by a crevasse splay. Nevertheless, preliminary analysis of trenched sediments and surface liquefaction patterns suggests an association between surface expression of liquefaction and the margins and the inner part of the meander bend of the abandoned channel and with its associated scroll bar complex. In addition, this study shows how detailed geomorphic studies can be used to identify areas of potential paleoliquefaction for further investigation.
Documentation of the type and size of the 2010-2011 liquefaction features and their relationship with the hosting sediment provides insights into analysis of paleoliquefaction features in areas with sedimentary environments similar to the Canterbury Plains. The modern features include single and multiple coalescing sand blows along linear fissures; blisters, which are mounded soils above injections of sills, and shallowly dipping dikes into the topsoil; dikes, some of which are related to the blows and blisters; and collapse structures related to ground failure. The sizes of the preserved features (e.g., dikes tend to be around 2-5 cm thick) may not only be associated with the specific strong-ground-shaking level at the site, but can also be limited by the size of the features with the sedimentary environment (e.g., size of a scroll bar). Because small sand blows may not persist for long at the ground surface, it is critical to site paleoseismic trenches in settings of sediment accumulation where sand blows may be buried and preserved by subsequent deposits (e.g., crevasse splay covering the abandoned meander deposit). Our results also show that, when analyzing paleoliquefaction features, it is important to recognize the thick sills and dikes below blisters as intrusions (in contrast to sand blows or extrusions) so that interpretation of the age of the intrusions is accurate (i.e., the age of the layer above a sill does not constrain the youngest age of the sill).
Finally, we estimated the age of the paleoliquefaction features at both sites and compared them with the ages of documented paleoearthquakes from known fault sources. We also analyzed the potential of other sources (with no paleoseismic data) to induce liquefaction at our sites using the New Zealand GMPEs and assessed a preliminary liquefaction-triggering PGA 7:5 at our sites using the seismic records of the Canterbury earthquake sequence. We obtain a threshold PGA 7:5 of ∼0:07g, similar to other sites in Christchurch. We used that threshold and existing magnitude-bound relations to identify potential fault sources for the paleoliquefaction features found at Lincoln. Although this preliminary study has not provided sufficient data to confirm the earthquake source, a number of potential candidates have been proposed that could form the basis of further investigation. One interpretation is that paleoliquefaction at both sites resulted from the same strong-ground-shaking event with an age of A.D. 1019-1337, based on dating of host sediments. It seems that most of the known regional sources within a radius of 100 km, and perhaps marginally distant large faults such as the Alpine fault and the subduction zone, could produce liquefaction in Lincoln, based on PGA 7:5 estimates and magnitude-bound relations. Known paleoearthquakes that could be responsible for the strong ground shaking at the time of the paleoliquefaction event in Lincoln include the penultimate event on the Porter Pass fault or the Alpine fault. The Greendale and Ashley faults were unlikely sources because they did not rupture at that time. A second interpretation is that there is an additional, more recent, paleoliquefaction event at A.D. 1340-1840 (or −1870) that is represented at the Marchand site. Such an event could have been caused by ruptures of the Porters Pass fault, Alpine fault, and subduction zone (large rupture).
The Canterbury earthquake sequence has provided invaluable information to gain further insights into the liquefaction process and seismic hazard in regions of low-tomoderate seismicity. Results from two sites, such as this study, are preliminary in terms of estimating the timing and identifying sources of prehistoric earthquakes. However, we presented a powerful approach that will provide conclusive results with the study of additional sites across the region, through the combined analysis of recorded PGAs; magnitudebound relations for paleoliquefaction analysis; presence or absence of liquefaction for different PGA thresholds; and the identification and dating of paleoliquefaction events at the same site. Moreover, understanding local liquefactiontriggering thresholds over a wider area will greatly improve knowledge of the impacts of earthquakes produced by large interplate faults (e.g., Alpine fault and the subduction zone in New Zealand) and could greatly improve the understanding of the potential magnitudes of these events.
Data and Resources M. C. Quigley, C. Smart, A. Rezanejad, and F. Martin-Gonzalez, Late Holocene rupture overlap and earthquake clustering on the Hope fault, New Zealand, is under review with the Geological Society of America Bulletin. All other data used in this article came from the published sources listed in the references.
